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A facility for subnanosecond time-resolvgolmp-probginfrared spectroscopy has been developed

at the National Synchrotron Light Source of Brookhaven National Laboratory. A mode-locked
Ti:sapphire laser produces 2 ps duration, tunable near-infrared pump pulses synchronized to probe
pulses from a synchrotron storage ring. The facility is unique on account of the broadband infrared
from the synchrotron, which allows the entire spectral range from 2'di®.25 me\f to 20 000

cm ! (2.5 eV) to be probed. A temporal resolution of 100 ps, limited by the infrared
synchrotron-pulse duratioffiull width at half maximum, is achievable. A maximum time delay of

170 ns is available without gating the infrared detector. To illustrate the performance of the facility,
a measurement of electron—hole recombination dynamics for an HgCdTe semiconductor film in the
far- and mid-infrared range is presented. 2002 American Institute of Physics.
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I. INTRODUCTION cillates, only electrons arriving at a particular time receive
the proper acceleration, leading to electron bunching. A typi-
Synchrotron radiation is the light emitted by highly rela- cal bunch length is a few cm, leading to full width at half
tivistic electrons(or other charged particlgsis they transit  maximum(FWHM) pulse durations of about 100 ps.
the magnetic fields used to guide them along a closed orbit.  This temporal structure of the light pulses is widely un-
The emitted radiation extends from microwaves to the har@derutilized, despite the fact that there are many phenomena
x-ray region, and therefore includes the entire spectral rang® be investigated with time-resolved infrared spectroscopy
conventionally used for studies of the optical properties ofin the nanosecond range. Recombination dynamics of the
solids. Numerous beamlines that are dedicated to infrareghotogenerated electron—hole plasma in semiconductors can
spectroscopy have been developed at synchrotron radiatiQfave characteristic time scales of tens of nanosec8tiss
facilities throughout the world-* Most were designed to do some intersubband excitations in quantum wélls.con-
exploit the very high brightness of infrared synchrotron ra-yentional superconductors, Cooper pairs can be broken by
diation for microscopy and other throughput-limited tech-jight absorption:® with the subsequent recombination into
nigues. A few have been instrumented for the far infraredpairs occurring relatively slowly~ns) for some material*
where the SynChl‘Otron source offers both a brightneSS anm the h|gh:|'c Superconductorsy pair-recombination dynam-
power advantage over alternative spectroscopic sofircescs may reveal information about the nature of the supercon-
Until recently, most studies with infrared synchrotron radia-qucting state. In addition, contradictory results have been
tion utilized the high brightness of the source. Grazing inci-gptained by infrared spectroscopy for the quasiparticle re-
dence method&uch as for surface science studjémfrared combination time, with values ranging from picosecdnds
microscopy,® and ellipsometry are examples of techniques mjjlisecondd® reported. Broadband, time-dependent mea-
that substantially benefit from the brightness of infrared syn«;ements might resolve these differences. In the underdoped
chrotron radiation. _ cuprates, pair breaking studies may provide fundamental in-
A key difference between the synchrotron infraredormation on the nature of the pseudogap state. The insulat-
source and a conventional thermal source is that the light ir°ng phases of high, superconductors show photoinduced
pulsed, with typically subnanosecond duration. These pulsegonductivity effects’ The dynamics of this excitation may
are a direct consequence of the manner in which a synchrgye|y understand the mechanism of the normal state conduc-
tron operates. _The accelerating fields inside a radlp_ frefivity. As an alternative to chemical doping, conducting poly-
quency (rf) cavity restore the energy lost by the orbiting mers can be photodoped, creating polaron and soliton
electrons through radiation emission. Because the rf field 0Ssi4ted8 |n most cases, the decay from the excited state oc-
curs on picosecond scalts.However, in some cases, a
3Electronic mail: lobo@Iure.u-psud.fr slower response in the nanosecond range is préSent.
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Measurements using infrared synchrotron radiation to in-
vestigate the time dependence of photoexcitations in GaAs, Spectrometer
Hg,Cd, _, Te,'%?*and superconducting RRef. 25 have al- Pump (laser)
ready proven the value of broadband infrared pump-probe
measurements in the subnanosecond range. Here we provide
a detailed discussion of the newly developed subnanosecond
time-resolved spectroscopy facility at the National Synchro- /"Jlll:robe (IRSR)
tron Light Source(NSLS) of Brookhaven National Labora-
tory. The facility makes use of the broadband infrared pulses
from the vacuum ultraviole€VUV) ring, spans the spectral
range from 2 cm* (250 xeV, 5 mm) to 20 000 cm* (2.5 eV,
500 A), and achieves a FWHM time resolution approaching
100 ps.

In Sec. Il of this article we describe the pump-probe
technique and survey pulsed sources of infrared. We also

discuss the special considerations that are required for the
implementation of pump-probe, far infrared spectroscopy. In

Sec. lll we describe details of the laser synchronization, the
optical delivery system, and the spectrometers. Section IV
addresses the collection of photoinduced spectra. In Sec. V [:I

Sample

we present a study of the dynamics of electron—hole recom-
bination in Hg _,Cd, Te (MCT) films in the far- and mid-
infrared regions to illustrate the capabilities of our system.

Il. PUMP-PROBE FIG. 1. Schematics of pump-probe experiments. The pump giiissap-
. phire laser at U12IRexcites the sample, the probe pulésgnchrotron at
A. The technique U12IR) arriving a certain time At) later analyzes the sample sending to the

Time-resolved spectroscopy determines a material’gletector a snapshot of the system as it wasafter the excitation.
spectral properties at various instants of time after some
stimulus has been applied. There are two common ap- The duration of the pump and probe pulses, along with
proaches for achieving time resolutioft) signal gating by the impulse response function of the sample, determine the
sampling the output of a fast responding photodetectdiior measured temporal respor3g\t) in a pump—probe experi-
probing with a short duration pulse of light. Although detec- ment. When the sample’s response is linear:
tors with a fast response exist for many portions of the spec- . .
trum, few are available that operate at long wavelenﬁﬁﬁ%. S(At):f dt’ ft dt"l propd t' + At) 1 pymd t") G(t"),
For example, the most sensitive bolometric detectors for the - o
far infrared have response times of about 1 ms. Conse- 1)
quently, achieving high temporal resolution by gating thewhere I ,,n{t) andl,.,d{t) are, respectively, the temporal
detector is simply unworkable. Even when fast detectors arintensity profiles of the pump and probe pulses &1d) is
available, the detector noise increases Bs“¢ whereB is  the sample’s impulse response functighe quantity of in-
the detector’s response bandwidth. Thus the signal-to-noiseres}. SettingG(t) = 5(t) yields the cross correlation of the
ratio for a detector wittB=1 GHz (for achieving 1 ns time pump and probe pulses, which defines the minimum tempo-
resolution will be 100 times poorer than for a similar detec- ral resolution. Note that achieving a high temporal resolution
tor havingB=100 kHz (as is typical for infrared spectrom- is independent of the sensitivity and response time of the
eters. spectrometer and detector. Also, Efj) assumes sample ex-
Pump-probe spectroscopy, an established technique feitation only by the pump pulse. Typically, this is achieved
obtaining high temporal resolution of repeatable, photostimby selecting the probe pulse to be much less intense than the
ulated event$® can overcome these limitations. As illus- pump pulse, but may also be achieved by limiting the probe
trated in Fig. 1, a pump pulse excites the sample and a prolte a spectral range below some photon energy threshold.
pulse, arriving at a time\t after the pump, analyzes the
sample’s response at a tinde into its relaxation process.
The combination of pump-and-probe can be repeated at
high rate, and as long as a constant delay tida@s main- Pump-probe measurements can be performed using a va-
tained, the probe queries the system in the same state eveiigty of excitation methods, including electrical current, elec-
time. A complete spectrum can be measured for this particutric field, magnetic field, oimost commonly a light pulse.
lar delay, representing a “snapshot” of the sample’s stateAn ideal facility for studying all potentially interesting sci-
This process is repeated for a wide rangeAdfvalues to  entific problems would have a completely tunable pump
build up a complete time history of the sample’s relaxationsource that provides adequate energy dertflitgnce to cre-
dynamics. ate the desired density of excitations in the sample. Pulse

%. Pulsed IR sources
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duration and repetition frequenci¢PRF3$ would also be A considerable portion of the infrared flux reaching the
variable to match a specimen’s relaxation time. The probeletector is from the 300 K environment. Because this flux is
would be suitable for high-performance spectroscopy over approximately constant with time, FTIR spectrometers
broad spectral range. Such features are never realized in ongdulate the desired signal so that ac detection can be em-
single facility, and concessions are always made. Most faciliployed and the background signal rejected. There are two
ties use lasers for both the pump and probe sources. Manyiethods for achieving this modulation. One method, known
types of tunable pulsed lasers are available for the near-IRgs “rapid scan,” moves the mirror at a constant velocity
visible, and near UV. Optical parametric oscillat¢@PO3,  through the complete optical path difference range. A typical
which utilize laser mixing in nonlinear crystals, provide tun- velocity has the optical path changing at about 1 cm/s. A
able, high-brightness, pulses spanning much of the infrarecdbroadband ac signal results, which for the mid-IR spectral
However, they do not reach into the far-infrared region duerange(600—-4000 cm?) spans 600 Hz to 4 kHz, compatible
to limitations imposed by absorption and phase matching imwith typical infrared detector response timésandwidth,
the nonlinear mixing crystal. Their output can be parametrifow-noise amplifiers, and high-resolution digitizers.
cally amplified (OPA) to provide more power, but at much The other method, referred to as step-scan, sequentially
lower PRFs. Free-electron las¢FELs) are moderately tun- positions the movable mirror at discrete intervals, pausing at
able and have high power and brightness, but tend to havgach step to acquire the sign@lften integrated for a few
poor stability. Most have been built for the spectral rangeseconds to improve the S/N rakid\ chopper modulates the
above 250 cm' (wavelengths smaller than 4@m). Femto-  peam signal, allowing lock-in detector methods. This tech-
second lasers can be used to produce coherent THz pulsgiue is used in very far-infrared spectrometers where it is
through the rapid acceleration of photocarriers in a biasedifficult to move large mirrors at the velocities needed to
semiconductor. Such THz pulses are useful as the probe In[ﬂ'mg modulation frequencies out from the detectors |/
pump-probe experiment, and provide high spectroscopigoise regime. Step-scan is also used in modulation-type ex-
Signal—to-noise ratios. However, because the rate of Chan%riments and a class of time-resolved measurements em-
in the generated photocurrent is limited to about 30 fs, theyjoying a fast(gated detector.
upper frequency limit for this method is about 100 ¢hi° The sample to be investigated is usually placed between
Recently, electro-optic rectification in thin chalcogenidesthe interferometer and the detector to minimize false signals
crystals has been shown to increase the spectral range f@m modulation of the sample’s own thermal emission. This
above 1500 cm', but the spectral coverage at lower fre- sjtyation raises an interesting question for the case of a
quencies is not complefé:*? pulsed light source. The interferometer necessarily delays
From the foregoing, we see that a common limitation ofgne of the beams in time with respect to the other, so that the
most pump-probe arrangements is a restricted spectral ranggynt traveling toward the sample and detector consists of
This restriction is particularly onerous if the system underyq pulses for every pulse incident on the beam splitter. If
study relaxes through a wide range of energies. Synchrotrogye delay is short the pulses overlap temporally, but if the
radiation, a pulsed continuum source spanning the spectrg@ay is sufficiently long, the two pulses may not overlap.
regions from microwaves to x rays, completely relieves theajthough this situation might lead to concern about the in-
constraint on the spectral range, although at the expense @fiference process and the possible loss of time resolution, it
temporal resolution. Whereas FELs, OPOs, and THz emittergnoyid not. The interference process for a pulsed source is no
can have subpicoseconds pulse widths, synchrotron pulse dyjfferent than for a continuous source. Consider a spectrom-
rations are typically from tens of picoseconds up to about lter system with a continuous, spectrally smooth source lim-
nanosecond, d(_apending on the synchrotron facility and it§ed to the spectral range below a high frequency cuigff
mode of operation. Assuming that the spectrometer optics do not impart any
sharp spectral structure, the coherence length for this system
is lg=c/vq, which is the maximum optical path difference
for which the interferometer will produce measurable inter-
Most infrared spectrometry is accomplished by interfero-ference. Placing an object with a narrow spectral feature into
metric techniques. In a Michelson interferometer, the incomthe optical system changes the coherence length. If the fea-
ing light is divided into two beams with a variable optical ture has a widthSv<<v, then the coherence length increases
delay (or retardation introduced into one of the beams by a to | =c/Sv>1, and observable interference occurs out to a
movable mirror. The beams are recombined, producing intergreater optical path difference. In particulbrs the interfer-
ference, and detected. The detected signal as a function ofmeter path difference necessary to yield a spectral resolu-
(optica) path difference, known as an “interferogram” is the tion of év. Now consider a pulsed source with pulse lerigth
Fourier transform of the incident light power spectrum. ThusWhenL>1 (wherel =c/§v and év is the narrowest spectral
an inverse Fourier transform of this signal yields the spectrateature to be detectethe situation is clearly the same as for
content of the light. When used with a single element infra-the continuous source. The optical path difference needed to
red detector, this Fourier-transform infraréBTIR) spec- resolve the spectral feature is less than the pulse length, so
trometer (or interferometer has significant multiplex and the light from the two arms of the interferometer readily
throughput advantages over diffraction grating or prismoverlap in time, producing interference as required. But
spectrometers, allowing high signal-to-noi$8/N) ratio  whenl exceedd., it might seem impossible to achieve the
spectra to be acquired in short periods of time. interference necessary for resolving a narrow feature, since

C. Pump-probe and interferometry
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the two light pulses(produced by the interferomejemo
longer overlap when brought back together. Fortunately this
is not the case, since a proper treatment of the sample’:

AMAAAAAAANAN

105.77 MHz

AAAAAA

52.88 MHz

response requires expressing the infrared pulse as the supe : /\
. . _Synchro—lock

position of spectrally narrow Fourier components. These _ 5.88 MHz

components normally cancel each other beyond the extent o $52.88 MHz x 2 ;gg xz ,

* Interferometer
Synchrotron
(probe)

Laser (pump) through
optical fiber

the pulse, but when separated out by a sample having narro\
(6év) spectral response, they persist over a length stale
=c/év that can be much greater than Therefore interfer-
ence continues out to the optical path difference necessar,
for resolving a spectral feature even when it exceeds thd NSLS - VUV
pulse length. High-resolution spectroscopic measurement
performed at the NSLS, at MAXLABLund), and at LURE
(Orsay synchrotron facilities confirm the presence of inter-
ference under such Clr(_:ums'[ances'. . FIG. 2. Block diagram showing the pump-probe infrared facility at NSLS.
The other concern is the potential loss in temporal reso-
lution due to the time-separated pulses from the interferom-
eter. Again, we consider a spectral feature having wiiith  separation. Thus the ring can simultaneously support a maxi-
The transform-limited relaxation time for such a spectral feay,ym of nine equally spaced electron bunches, in which case
ture is 57=1/6v. This relaxation time sets the highest time synchrotron radiation is emitted at a 52.9 MHz PRF. Each
resolution for which meaningful information can be ob- hosition where a bunch of electrons can be maintained is
tained. To resolve such a feature, the interferogram must bgferred to as an “rf bucket.” The ring can be operated with
sampled to an optical path differencelefc/év, impartinga  gpecific rf buckets filled and others left empty. Symmetric
time delay between the two probe pulgeplit by the inter-  pynch patterns, having filled buckets at equally spaced inter-
ferometey of 6t=1/6v. Thus the uncertainty of the probe ygis are convenient for synchronizing with a laser. The
arrival time is the same as the transform-limited minimumys s vuy ring has three such patterns; one-butekingle
relaxation time, and the loss of temporal resolution is insig+cket filled and the remaining eight buckets emptree-
nificant. bunch (every third bucket fillet} and nine bunch, yielding
Lastly, we note that the pump and probe repetition fre-pRrEs of 5.88, 17.6, and 52.9 MHz, respectivlyor nor-
quencies(PRF$ should be greater than the IR detector sys-my g operations, a second higher frequency rf system
tem bandwidth{and the FTIR spectrometer's modulation fre- giretches the bunchém increase the on-orbit lifetime of the
quency. This restrictipn ensures .that the arrival of a prOb?electrons, resulting in a synchrotron emission pulse length
pulse, and not the instant of time when the detector iy the nanosecond range. When this bunch stretching is dis-
sampled, determines the delay time and is equivalent to hagpled, the typical FWHM bunch length is between 500 ps
ing the detector sampléaverage over many pump-probe ang 1 ns. This second rf system can also be used in special
cycles. Typical rapid-scan modulation frequencies are in thgnerations to compress the electron bunches and achieve
100 kHz range, whereas PRFs for synchrotrons are tens @\wHM pulse durations of 400 ps or less. In general, the
MHz, at least two orders of magnitude higher. Thus, in nor-y|se length varies with electron beam current in the storage
mal conditions, each position of the scanning mirror averying, but can be held reasonably constant over a modest
ages over a few hundred to a few thousands pump-probgnge of currents by adjusting the degree of bunch compres-
events. Since most FTIR systems allow for a choice Ofjon from the second rf system. Additional reductions in
modulation frequencies, it is not difficult to meet this re- pynch length can be attained through adjustments of the stor-
quirement, even if a pump-probe experiment is performed a4ge ring magnet systéthor lowering the electron beam en-
a very low repetition rate. The rather low modulati@hop-  ergy. The latter method reduces the high-energy cutoff for
ping) frequency in a step-scan system avoids this problem iynchrotron radiatiofin the soft x-ray regiopand shifts the

all practical situations. output wavelength for undulators, so is typically not em-
ployed. Presently, the shortest available synchrotron pulses,
I1l. INSTRUMENTATION without seriously degrading overall storage ring operation,

are near 300 ps FWHM. Efforts to reduce this value to 100
ps are in progress. Pulse widths for two operation modes of
Figure 2 shows schematically the pump-probe setup ahe VUV ring at NSLS are shown in Fig. 3. The pulses were
NSLS. Our pump-probe apparatus utilizes a mode-lockedetected with a Si photodiode and a 1 GHz digital oscillo-
Ti:sapphire laser as the excitation source and the synchrotrastope(electronics rise/fall time of 400 psvith the VUV ring
light as the probe. Here, we elucidate system details. Than normal operations.
VUV ring at the NSLS operates with a 52.9 MHz rf accel- The pulsed pump source is a custom-engineered Ti:sap-
erating system. Thus the minimum spacing between electrophire mode-locked lasdCoherent Laser Group Mira 90pP
bunches is 18.9 ns. The revolution perigitne for one full  producing 2 ps duration pulses at a repetition rate of 105.8
orbit) for a single bunch around the VUV ring’s 51 m cir- MHz, twice the VUV ring rf system fundamental frequency
cumference is 170 ns, or nine times the minimum bunchattempts to produce a longer cavity laser producing stable

A. Pump-probe pulses and synchronization
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FIG. 3. Synchrotron pulse widths for normal operations with stretched
bunches(top) and special rf cavity detuned operations that produce un-
stretched bunche®ottom). Obtained widths are an upper limit of their real
value due to the 400 ps rise and fall time of the electronics used.

pulses at 52.9 MHz were unsuccesgfillhe laser is tunable
from 700 to 1000 nm and delivers an average power of
nearly 1 W. A Coherent “Synchro-lock” systeit@lso modi-
fied by the manufacturer for operation with a 52.9 MHz ref-
erence signalis used to synchronize the laser’s output pulse Time [ns]
train to the VUV ring’s pulses. For the latter we derive a

reference signal directly from the storage ring’s rf cavity. F!G: 4. (8 Synchronization between laser and synchrotron pulses fons
delay. As the synchrotron light also covers the near-infrared and visible part

This source of synphronlzatlon signal is preferable to the ljlsgf the spectrum, the same detector can see both the laser and synchrotron
of the rf system drive electronics because the phase relatiopulses.(b) From top to bottom 105.9 MHz laser repetition rate; 52.88 MHz
ship of the latter with the electron bunches may vary with thepulses obtained with divide-by-two EOM; and 17.63 and 5.88 MHz repeti-
degree of beam Ioading The synchro-lock system mixes th%on rates obtained with simultaneous use of divide-by-two and divida-by-

Ised | . | with th f iddalibled OMs. (c) The amount of scatter is a measure of the synchronization of
pulsed laser output signal with the reference S'g auble laser pulses to the storage ring pulses. The asterisks correspond to using just

to produce 105.8 MHz producing an error signal that is the fundamental loop of the synchro-lock system. The open circles are for
used to correct the Mira cavity length. When the error Signa[he harmonic loop and the closed circles are for harmonic loop plus high
is driven to zero, the laser is synchronized to the rf referencg?"dwidth.
in this case the VUV ring pulse train, but at a frequency of
105.8 MHz, twice the VUV ring PRF of 52.9 MHz. To re- . o
duce the laser repetition rate, a tuned electro-optic modulatd?S: larger delays can be obtained by switching the EOM to
(EOM, ConOptics model 360-4Qejects every other laser select a different pulse. Figurda}l shows the laser pulses
pulse. The laser power output is recovered by collecting th@nd their synchronization to the VUV ring light. Note that
rejected pulse, delaying it by 9.45 (te fall in step with the  the normal multibunch operation of the VUV ring leaves two
next laser pulse in the streansending it through g-wave  buckets empty. This detail does not give rise to any detri-
plate (to bring the polarization back to the original orienta- mental effect in the pump-probe measurements, although two
tion) and inserting it back into the pulse stream. Measureout of nine laser pulses are not useful for the measurement.
ments with a fast photodiode show that the pulses can beigure 4b) shows the pulse repetition rate from the laser
made coincident to within 10 ps. (top curvé and in nine, three, and one bunch operation
A second “divide by n” EOM (ConOptics model 350- modes when the laser beam passes through the EOMs.
60) follows the first EOM to enable matching the laser PRF A fina| important issue to consider is the accuracy of the
to the_symmetrlc three-bu_nch and one-bunch patterns of thleolser synchronization to the storage fing pulses. Figace 4
VUVring. Thus the operating PRFs for our pump source A%hows the measured width and jitter of the laser pulses using
52.9, 17.6, and 5.88 MHz. the synchrotron rf cavity signal as a reference. The sampling
An adjustable delay between the pump and probe is nec- '

g . oscilloscope requires many pulses to record data at each time
essary to carry out a time-resolved measurement. Since we P q yp

desire delay times up to 170 ns, optical techniques are r](Roint and produce the entire pulse shape. Timing jitter be-
practical. Instead, we employ an electronic delay on the |atween the laser and the synchrotron reference can be detected

ser, taking the VUV ring pulses as a fixed reference. In théS scatter along the horizontaime) axis. The asterisks cor-
present configuration, a voltage controlled phase shifter of¢Spond to using just the fundamental loop of the synchro-
the rf reference signal provides for a continuously adjustabl¢ock system leading to a rms jitter of about 150 ps. The open
delay up to 9.45 ns. Alternatively, a dc signal can be fed intccircles are for the harmonic loop, and the closed circles are
the synchro-lock mixer circuit, providing a comparable rangefor harmonic loop plus high bandwidth where the jitter is
of pulse delay settings. Since the laser pulse period is 9.4%ell under 50 ps.

Intensity [arb.]
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B. Pulse delivery the synchrotron source, enabling small regidimited only

Because the laser is physically separated from the infrat—)y diffraction)_to be probed. T.hOUQh most experiments are
erformed using pulse fluencies of less thapd/cn?, an

red beamlines and their spectrometers, the laser light is tran§<MTOMN .
ported to a given spectrometer using a 30 m length of mulg—:-xutatlon fluence of 10Q.J/cn? per pulse can be achieved

timode, graded-index optical fiber. An advantage of fiberWherl the pump beam is focused to a J4@ diameter spot,

delivery is the ease by which laser pulses can be fed to Oth&pmpatible with optimally focused synchrotron radiation out
beamlines at the NSLS. For 2 ps pulses at 800(tima fun- to wavelengths of 5.m.

damental of the Ti:sapphire lagethe intrinsic dispersion

due to the variation of the refractive index in glass is 0.121V. PHOTOINDUCED SPECTROSCOPIC METHODS

ps/m resulting in a pulse broadening of approximately 4 ps; .
this value does not require any dispersion compensation. Be- Pump-pr_obe measurem_ents can be _performed by avarl-
cause our synchrotron pulses are not likely to be less thaﬁty of techniques. The basic approach is 1o S?t a Partmular
100 ps long, this broadening can be neglected. The situatio‘ﬁump'prObe delay anq th_en measure the specimen's spectral
is different for a Ti:sapphire laser producing transform lim- respons:e(e;’g., tra“rlsrP.|SS|on or reflectly)n_/wth the pump

ited 100 fs pulses. In this case 30 m of single mode fipePOurce on and “off”; the difference being the photoin-
broadens the pulse to about 30 ps. This broadening rises %uced signalAT or AR. Generally one plota T/T or AR/R

about 80 ps if the pulses are frequency doubled to produc%s a function of frequency. The transmission or reflection can

light at 400 nm. In fact, as we use the laser with its picosecpf course be used to compute an intrinsic response function

ond optics, the temporal resolution of our complete system i§SUCh as the optical conductivitywhich is now also a func-

determined entirely by the duration of the synchrotron puIseJF'On of time [cf., G(t) in Eq. (1)]. The measurement is re-

Th take ) =1 S(t" d ite Eq(1 peated for other de_lay times u_ntil a complete picturt_e of the
us we can taképumd") =1od(") and rewrite Eq(1) as decay has been built-up. As with conventional photoinduced

spectroscopy, the challenge is to detect small spectroscopic
changes, and high-sensitivity differential methods are em-

. ) ) ployed whenever possible.
showing that the measured response is a convolution of the "ggca s the particular changes of interest are those that

synchrotron pulse shape with the sample’s intrinsic response,.. r as a function of time, we employ a differential tech-

The nature of damping in a storage ring leads to a Gaussiagjjqe that varies only the time difference between the pump
shaped electron _bunch and probe intensity profile. _and probe pulses. The pump-probe delay is modulated by a
Due to coupling losses, the output power from the opti-gma | amountst around a particular delay timat using a

cal fiber is reduced to approximately 70% of the input value gja of square wave signal. ThaS(At), the change in re-

The lmaxir_num average power that can be delivered to @ponseS(At) due to modulationst, is given by the time
specimen is 500 mW, corresponding to 10 nJ/pulse, or abou;

k erivative of Eq.(2).
4% 10 photons/pulse. At the sample location, temporal co-
incidence between the pump and probe can be determined N IR , ,
using a high-speed photodiod&50 ps rise timgand fast 5S(At)_|°ﬁf,w At propd ' +ADG(LT) ot ®
oscilloscope. Since the synchrotron output spans the near , .
infrared and visible, a single detector can be used to monitoW,hen the amplitude of the.tempo.ral modulat@ms 'small,
both pump and probe pulses. An example of this is shown irlih's measurement essentially gives the derivative of the

Fia. 4(a for a pump-probe delay of 4 ns. photoinduced signal with respect to time.
g- 4@ pump-p 4 In our setup, the synchro-lock electronics system pro-

vides a signal input for this purpose, but a voltage-controlled
phase shifter on the rf reference signal works equally well.

Before describing the particular techniques used for colThe modulation signal serves as a reference for lock-in de-
lecting time-resolved spectra, we briefly describe two of theection, with the detected signal being the difference in the
NSLS infrared beamlinegdesigned for solid state physics system’s response between delay times and At,. We
investigationg and their respectively spectrometers. U10Atypically use a temporal modulation of a few hundred pico-
extracts synchrotron radiation over the spectral range fronseconds. In general, one may dither either the l1§semp
about 50 up to 40 000 cm, and is instrumented with a pulse or the infraredprobe pulse, but varying the arrival
Bruker IFS66Vv/S FTIR spectrometer that operates in eithetimes of electron bunches in the storage ring is not practical.
rapid scan or step scan modes. U12IR is capable of similar A key benefit of this differential technique is the rejec-
spectra coverage, but is optimized for long wavelengths. Th&on of false thermal signals. Though the properties of some
originally installed spectrometeré@ Bruker IFS113v and mounted specimens can lead to thermal time constants of a
lamellar grating interferometerhave been replaced by a few nanoseconds, longer thermal decay tittl@syer than 20
single step-scan instrument: a Sciencetech SPS-200 polari@s) are more common. In these situations, laser excitation
ing interferometer. The primary spectra range extends fronusing a 50 MHz PRF causes sample heating until a new
about 500 cm! down to about 2 cm!. Thus, between equilibrium temperature is achieved. If the sample’s optical
U12IR and U10A, time resolved spectroscopy can be perproperties are a function of temperature, then a measurement
formed for photon energies from 25V up to several eV. comparing the optical response between laser “off” and laser
In addition, both beamlines maintain the high-brightness of‘'on” will have a significant thermal contribution that may

S(At)zlojjmdt’lprobgt’+At)G(t’), 2)

C. Spectrometry: Infrared beamlines U12IR and U10A
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dominate over the photoexcitation signal of interest. In theA. Experimental details

differential technique, the laser is always illuminating the The sample consisted of an approximately 4@ thick

sampl_e, maintain_ir_wg a thermal sjteady statg. The me_asurﬁi-yer of MCT grown epitaxially on a Gdn)Te substrate.
ment is only sensitive to those optical properties changing o he specimen studied had no special surface preparation

the nanrc]) sec?hnd t|r|]"n(;: gc:le. Lh'S S|tL:e_1t|onb;s_|n (cjotr:trast t?] tt@.e., was unpassivatgdnd the surface had been left unpro-
case where the photoinduced signal IS obtained by mechans .oy g exposed for some time; thus a fast carrier relax-

cally chopping the laser beam; the latter directly mOdUIate%ttion could be expected due to a high surface recombination

the ;[_her.;n?.l sngpalthas well. i fthe | M ,trate. At the laser waveleng{800 nm), MCT has a penetra-
imitations In th€ response ime ot In€ jaser System IMmit;q depth of about lum, much less than the MCT film

the dithering frequency to a few hundred kiiepending on thickness. Therefore the laser creates no photocarriers in the

amplitude and choice of square wave or sinusoidal mOdUIaéubstrate 300 mW of laser power was delivered to the

tion). Such low frequencies are compatible with essentially, ; —1
K . . _ oo sample. The far-infrared measureménelow 50 cm ~) was
all infrared detectors of interegincluding high sensitivity P )

. ! performed in the lamellar grating step-scan spectrometer.
bolometers for the far IR but are not suitable for rapid-scan 4o id-infrared measurementsear the MCT band gap
FTIR spectrometers. For this reason, step-scan ro!?terferon?e'mployed the Bruker 113v fast-scan interferometer with a
eters(t.yp|cgl Of. most §pectrom.eters for ?he very fariRare . Ge/KBr beamsplitter. The transmission of the sample was
used in this differential technique. A different procedure IS easured at several fixed temperatures between 4 and 300 K
needed to perform a differential pump-probe measure with

. X S " %h a flow cryostat. Polyethylene and KRS-5 windows were
rapid-scan interferometer. For this situation a number of in

terf A tains the full infrared ‘used for the far- and mid-infrared, respectively. A liquid-He
erferometer scanne scan contains the full infrare SPEC- cooled silicon bolometefresponse time around 0.5 jnsas
tral response are collected and averaged for a |oart|cularused in the far infrared: a liquid nitrogen cooled InSb pho-
pump-probe delayAt. The time difference is set tAt+ 6t ’

; ) todiode (response time of Js including its amplifier was
and another. set of scans IS taken. The delay is set bqlck, 0 used for the mid-infrared measurements. The measurements
and the entire procedure is repeated a number of times, r

Sere taken during normal operations of the synchrotron ring.
sulting in an interleaved set of spectra for timks and At g P y g

. : . The pump-probe measurement requires that the probe
+ ot. The difference between the two sets of data is €aUVaL eate a negligible excitation in the sample relative to the

lent to the difference in the spectral response obtained by thlgump pulse. Since the synchrotron provides light over a very

lock-in d|fferent_|al measurement. The gu_|d|ng principle is FO broad spectral range, the integrated intensity can be substan-
prevent the various modulation frequencies from overlappmqial (close to 50 mW across the entire infrareahd may

2nl\(jllT |?<|ng.”Th: Ias?rr] and syr:_c hr(;tron PR'.:S afre great_erttha}geate a significant population of excitations. Fortunately, the
z, well above the sampling Irequencies for any Inter- , ;o optical elementse.g., the interferometer’'s beam-

g?:ﬁmetr'%t(?c?mq;'e' In the .loil(()'(')an'ﬁemmLil ”_‘etth?d’ thesplitter and vacuum windowseduce the intensity and limit
'ther modu'ation frequency 1s z while the intertero- -y, spectral range sufficiently to alleviate this problem in

gram sampling frequency for a step-scan instrument is USUhost cases. For those where it does not, spectral bandpass

fwy 0 ? t?e order of 1 Hillor I?‘Q’s' In the .ragldt scan Tgt:()d’ filters can be used to constrain the spectral range to the re-
€ interterogram sampling frequency 1S between z anéion of interest and eliminate the problem.

100 kHz. By collecting interferogram scans over a minimum
period of 5 s before switching to the other time delay, ang
effective dither modulation frequency below 0.1 Hz i

To determine the overall time decay of the sample we
do a spectrally integrated measurement. The interferom-
S eter modulator is left at a fixed positidpreferably at the

achieved. zero path differenc€ZPD)] and the detector signal is moni-
tored for changes as the pump-to-probe delay time is varied

V. ELECTRON—HOLE RECOMBINATION IN around coincidencézero relative delay time The resulting

Hg,_,Cd,Te signal represents the photoexcited response averaged across

the entire spectral range of the experiment. From this we can

As an example of the measurement capabilities of ougjetermine the total time range and interval for collecting
system, we have investigated the dynamical response @jecific photoinduced spectra.

Hg;_«Cd, Te (MCT). The infrared and electrical properties
of this semiconductor, an important infrared detector mate-
rial, have been widely investigated and are very well
known-38|n this experiment we monitored the response of
photogenerated free carriers in the MCT film. Pumping In Fig. 5 the sample transmission is shown at room tem-
Hg; _«Cd, Te using light with photon energies greater than itsperature and at 77 K. Cooling the sample sharpens the
band gap creates mobile electrons and holes. Although phghonons, reduces multiphonon absorption processes, and
tocarrier lifetimes for this material are nominally microsec- freezes out thermally generated carriers, all of which in-
onds (for n type) or hundreds of nanosecond®r p type), crease the low frequency transmission. The CdTe substrate
the lifetime can be much shorter in the presence of defects gzhonons dominate the response between 100 and 406, cm

a large surface recombination rate. Such photocarriers dyrFhe MCT band gap can be observed at room temperature at
namics, in this and other semiconductors, is intrinsically re-3250 cni%, shifting to about 3000 cit when the sample is
lated to the operation of fast infrared detectors. cooled.

B. Results
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FIG. 5. Transmission of the MCT sample at 78olid line and 300 K
(dashed ling The low frequency spectrum is dominated by the CdTe sub-
strate phonons. At room temperature the band gap is located at about 3250 0.00
cm 1 and it softens to 3000 cnt at lower temperatures.

0.05

Integrated FIR signal [arb.]

0.05

Figure 6 shows a typical measurement of the spectrally 000

averaged response at a temperature of 100 K. The spectral 0.05
range was limited to the far infrareérequencies below 100 0.00 f»
cm 1) by the detectora IHe cooled bolometer with integral
filter) for which the absorption is linear in the free carrier
density. Following Eq(3) we integrated the differential sig-
nal to produce the respon§¢At). This signal is a convolu- FIG. 7. FarIR absorption signépectrally integratedor several tempera-
tion of the intrinsic respons&(At) with the probe pulse tures. The solid lines are fits using a convolution of a Gaussian peak to a
P . P . P Eimple exponential decay. The inset shows the thermal evolution of the
shape. The latter can be described by a Gaussian and tQgcay time. The full width at half maximum of the Gaussian in all fits is
former by a single exponential decay, i&.exp(—t/7g). The  0.96 ns.
solid line in Fig. 6 shows this convolution. The dashed line is

the deconvolved decay. The full width at half maximum of - . .
the Gaussian used is 960 ps, a value consistent with th easured values and the solid lines are fits using the method

synchrotron bunch width when no bunch stretching is ems- escribed above. In the inset we show the values obtained for
the recombination timeg as a function of temperature. This
ployed. behavior is not unreasonable fotype MCT with a substan-
In Fig. 7 we show the time dependence of the spectrall yp

averaged signal for our sample at various temperatures él | defect density° The signal magnitude also varies with

measured by the far-infrared bolometer detector. As noteae mpgrature due to substrate absorption. . .
above, this signal is proportional to the number of photocar- . Figures &) and 8b) show the photoexcn_ed transmis-
riers produced; obviously, it is the greatest when both pump " change;~ AT/T=—(Ton—Tof)/Ton for various probe-
and probe arrive at the sample simultaneously. A rapid deca -pump delays in the far- and mid-infrared regions, respec-

. . . . ively. Data are shown in the frequency ranges where
in the nanosecond time range is observed. The points are t . .
g P p%otomduced effects were observed. Time dependent photo-

induced signals are only observed when the laser is on and
[ N L A L the pump-probe delay is less than 12 ns. No photoinduced
- signals are observed in the intermediate frequency range.
Since the spectra were collected in a differential manner, the
spectra shown in Fig. 8 were reconstructed by adding each
differential spectrum to the previous one, beginning with the
T ST I maximum pump-probe delay spectrufor which the signal
2 OT. 2 4 6 was zer¢. Figure 8a) also shows a fit to the data using a

ime [ns] X
Drude model described below.

Time [ns]

Signal [arb.]

Integrated FIR signal [arb.]
1

2 0 2 4 6 C. Discussion

Time [ns] The presence of the mobile electrons and holes can be
FIG. 6. Typical time-resolved measurement. The inset shows the raw difdmeCte(j by their absotonn in the very far .mfrared- The
ferential data with error bars. The main panel shows the signal integrated t@lectrons are more readily observed due to their smaller mass
produce the actual photoinduced transmissionT/T (open circlesas 2 and longer mean free patfor phonon scattering The ab-
function of pump-probe delay time. The data was fittediid liné) to an <o ntinn by free carriers manifests itself as an optical con-
exponential decay, convolved with a 960 ps wide Gaussian that accounts fo . . . .
the probe pulse shape. The dashed line shows the exponential decay withdd!Ctivity described by a Lorentzian function centered at zero

the convolution. frequency, the so-called Drude model:
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FIG. 8. Panela) shows the far-infrared time-resolved spectra of photoex- FIG. 9. Integrated—AT/T in far and mid infrared. According to the sum
cited MCT at 5 K. The solid lines represent Drude curves with parametergule the total integral under the AT/T curve is a constant. The spectral
(from top to bottom A oy=0.07, 0.045, 0.04, 0.02, and 0.0085 * cm™™. weight created at low frequencies is subtracted from the band-gap edge. The
For all curved" =16 crm . (b) Time-resolved mid-infrared spectra near the slight difference in the magnitude of two curves can be attributed to the
MCT band gap at 5 K. Here an absorption decrehtsaching is observed,  different laser illuminated areas in the two measurements.
in contrast to the absorption increase observed for the far infrared. No re-
sponse was observed for the spectral region in between.

tion, w is the angular frequency of the light, anc&and « are,

respectively, the real and imaginary parts of the material's

@ complex refractive index.
Exposing a system to light cannot change the number of

charged particles in it; thus a change in the absorpfhom-
whereoy is the dc conductivityw is the angular frequency, quctivity) in one spectral region must be compensated by an
andris the carrier scattering time. Equatioh also includes  gpposite change elsewhere. In the limit of small transmission
a more convenient expression in terms of wave number changes in a reasonably transparent material, the photoin-
=1\ and a Drude widthl" = (27rc7) %, both in units of  gyced signal(defined as—AT/T) is proportional to the
cm . The fits shown in Fig. & all use the sam&'=16  photoinduced change in the optical conductivityr. Thus
cm ! value for the scattering rat@ typical value for elec-  the oscillator strength sum rule implies that
trons in MCT). The only parameter that changes in these fits
is 0, Which incorporates the number of photoexcited pairs. »—AT(w)
ThatI is quite small illustrates the need to work at very long JO T(w) ©= (@)

wavelengths if one is to observe absorption by photoexcited
carriers in this material. This demonstrates that AT/T must have an opposite be-

The ability to cover a wide spectral range allows one tohavior in .another.spectral range. In the case of a semicon-
follow time-dependent processes that involve large shifts irfluctor, this opposite behavior occurs for frequencies near the
optical absorption. An important sum rule that derives frominterband absorption edge, which for this sample is near

the Kramers—Kronig relations for the optical response func3000 cni,

tions, known as the oscillator strength sum riflstates that This effect can be thought of as a time-dependent
Burstein—Moss shiff (a shift of the interband absorption

edge with carrier densijy Finally, one can confirm that the
oscillator strength sum rule holds as a function of time by
integrating each— AT/T curve of Fig. 8. The results are
where o4 (w) is the real part of the frequency dependentshown in Fig. 9 for both the far and mid IR measurements.
optical conductivity andh is the number density of particles The two curves are indeed opposite in sign. We attribute the
with chargee and effective mass. The optical conductivity — gmgl difference(less than 10%in their magnitudes to un-
is related to other response functions through equal illumination intensity at the sample, which differed for
6) the two spectrometers used in the measurements.

We have presented the characterization of a subnanosec-
whereg,, is the permittivity of free space,” is the imaginary ond infrared time-resolved pump-probe facility using syn-
(absorptive part of the material’s dielectric response func- chrotron light. Our facility can obtain time-resolved data as a

g0 _ g0
1+(wn)? 1+[wl]?

o(w)=

7 ne?

f:m(w)dw:——, )

2 m

o1=¢e,e"w=2¢ Nk,
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